Overvoltage phenomenon is the common problem that always occurs in the power system and can cause the electrical system network breakdown, and in some cases, it may explode. The frequent overvoltage also can affect and degrade the lifespan of the electrical power system components and network. Thus, the overvoltage sensor is needed to overcome this problem matter. The Rogowski coil (RC) is one of an inductive coil group, and it is suitable for measuring the alternating current (AC) and transient currents or overvoltage. This paper demonstrated the effect of RC magnetic flux density, B with difference cross-section, geometries sizing and the number of turns by using Finite Element Method (FEM). Commonly, there are three types of RC widely used; rectangular, circular and oval. Each of these cross-sections has different characteristics in term of performance. The results have shown that the rectangular cross-section is better than oval and circular cross-section based on the number of magnetic flux density.
INTRODUCTION
Overvoltage is the voltage in a circuit that raised above its upper design limit, and this phenomenon can cause a voltage spike and lead to power surge, and the conditions may be hazardous. Overvoltages can be classified; temporary overvoltages, slow-front overvoltages, fast-front overvoltages and very-fastfront overvoltages and always occur to power systems such as faults, lightning strokes, switching operations, during energised and de-energised gas-insulated substations (GIS) or transformers and others [1] . The frequent overvoltages phenomenon will affect the electrical equipment such as give stress to the insulation, degrade the lifetime of the equipment and easily short circuit transformer winding [2] . The monitoring system for the overvoltage has many ways and has developed by other researchers, but improvement is still needed [3] - [5] .
The Rogowski coil (RC) is an inductive coil group which was introduced by German physician Walter Rogowski in 1912 [6] . The RC has many advantages than high-frequency current transducer (HFCT); thus it is most suitable for high current, and partial discharge measurement sensor and the capability of the RC have proved by previous researchers [7] - [11] . The advantages of the RC is it can measure the transient current from a few amperes up to few hundred amperes, measure wide bandwidth, which is from a few Hz up to hundreds MHz [12] . The RC current sensors operate on the same principles as conventional ironcore HFCT, but the difference between these two is that RC windings are wounded above an air core, rather than over an iron core. Due to the absence of magnetic materials, RC has a linear characteristic [13] . The HFCT is a ferromagnetic core sensor [14] , thus is has the saturation problems (if the core is saturated, the magnetic permeability will drop drastically, close to the air's permeability) [15] . The RC sensor output is proportional to the measured signal and classified as low-power standalone current sensors by the International Electrotechnical Commission (IEC). The relevant IEC standard is IEC 60044-8, which will soon be replaced by IEC 61869-10 [16] .
The RC consists of wire wound on a non-magnetic core and the required current to be measured will flow through the core [17] , and the structure of RC, as shown in Figure 1 . For measuring the current, the RC placed around the conductor. A magnetic field generated as current flows around the conductor. This field converted into a signal according to Faraday's induction law, which is proportional to the current or equivalent to the rate of change of the current flowing in the conductor [17] . The parameters shown in Figure 1 described as follows: ' a ' is the inner radius (mm), ' b ' is the outer radius (mm), ' W ' is the thickness, and ' I ' is the current flows in the centre of RC perpendicularly.
Figure 1
The structure of the Rogowski coil [18] This paper aims to provide considerable knowledge when designing the RC as an overvoltage sensor application by referring to magnetic flux density before the sensor fabrication made. Subsequently, the RC cross-section assessment by mathematical approach proved that the circular cross-section is better than the rectangular crosssection inaccuracy of current measurement and reduce the angle error [19] . Indeed, in some cases, the rectangular cross-section is better than circular cross-section if the rectangular height per width is less than 0.4 and many researchers observed that the rectangular cross-section has higher sensitivity than other shapes cross-section of the RC [20] , [16] . The main objective of this work is to analyse RC geometrical; oval, circular and rectangular by using Finite Element Method (FEM) method in term of magnetic flux density, B effect. Both of the rectangular and oval have observed with the changing effect of inner radius, outer radius, number of turns and area. To maintain the outer and inner radius which the same with oval and rectangular, the circle diameter of circular cross-section is adjusted, but the number of turns remains the same with both of the oval and rectangular.
Magnetic Field and Mutual Inductance
The mutual inductance, M changes in most of the actual coils, and it depends on electromagnetic parameters and geometrical. The magnetic flux Φ defined as the group of magnetic field lines emitted outward from the north pole of a magnet, and generally, a current-carrying wire produces the magnetic field around it and measured in Weber. The magnetic field intensity H and the magnetic flux density B at some defined point are in a reciprocal relation to the distance from the wire and the relationship between magnetic field intensity and magnetic flux density as expressed in Equation 1. The µo is the absolute permeability of the medium and the value is 4π x 10 -7 H/m. 2.
Initially, magnetic flux density B is the amount of magnetic flux per unit area of a section, perpendicular to the direction and this magnetic flux density also known as the magnetic induction, is a vector quality and the SI unit is in Weber/m 2 or Tesla (T). The magnetic flux density can be express as in Equation 2 . A defines the area that magnetic density passes through.
The magnetic flux density due to the entire current loop (which may be arbitrary), is at any point given by experimentally obtained by Biot-Savart law and as expressed by Equation 3. The unit vector ar is directing from the source point or current element towards the field point (the point that we which determine B). Figure 2 presents a toroid that consists of a circular ring-shaped magnetic core around which wire is coiled. The magnetic field is entirely confined inside and the field points in the azimuthal direction.
Figure 2
A toroid or Rogowski coil with N turns [21] The coil sensitivity depends on the mutual inductance, M. The higher mutual inductance will produce higher sensitivity of RC. The characteristics of mutual inductance, self-inductance, self-resistance and self-capacitance of the RC coil are slightly different, and it is dependent on the coil geometry [22] . The mutual inductance slightly differs among the cross-section, where the geometrical sizing and number of turns N are the main factors. Typically, the mutual inductance calculated by using mathematical equation or formula [21] - [24] . Initially, better sensitivity can be achieved by adding a more considerable number of turns and with a broader cross-section of the coil [18] . However, the more significant number of turns may affect the performance of the RC, which will reduce the bandwidth of the RC. Moreover, increasing the number of turns also affect the length of the coil wire which the wire becomes longer and therefore, it will increase the capacitance value. As a result, it will produce a lower frequency resonant, and this case is not suitable for wide bandwidth application [24] .
METHODOLOGY
In this paper, the RC modelling was developed using three dimensional (3D) FEM to concentrate on rectangular cross-section, circular cross-section and oval cross-section. It is well known that the magnetic flux depends on the geometric and number turns of these parameters. In this simulation, 5A current, which produces the magnetic field injected onto the cable. This idea, based on the theory where the wire that is carrying a current provides a magnetic field; thus, it is sufficient for analysis of the electromagnetic field due to the overvoltage phenomenon. Therefore, various geometrical size and number of turns simulated. Moreover, the effect of the wire diameter size (the wire that wounds around the RC) has investigated and analysed whether the magnetic flux is affected. The model consists of the geometric size of the RC, the cable as conductor and the wounded wire (turns) around the RC. Copper assigned as the cables in the simulation. Figure 3 shows the cross-section of rectangular, oval and circular RC which refer to the inner radius, Rin, outer radius, Rout, height and the area. Table 1 shows the simulation parameters of the rectangular cross-section RC. The inner radius at 44 mm kept constant, while other parameters such as outer radius, height and width were varied. The surface area changed with the different height and width. Significantly, the sizing of the RC diameter was selected based on the underground three cores 240 mm 2 cross-linked polyethylene (XLPE) cable which has the overall diameter 76 mm [25] and this cable type also mainly used in power system [26] . Similarly, the circular cross-section of the RC, as shown in Table  2 . In this case, the outer radius of circular and the number of turns has changed but the inner radius has remained. The same case shows in Table 3 , where the modelling of the oval shapes for inner and outer radius follows the rectangular and circular size. This analysis was observed to study the effect between the density of magnetic flux, B and the number of turns which is to prove the theory that the magnetic flux density is directly proportional to the number of turns. Secondly, by increasing the geometrical size, the effect to the coil inductance and the length of the wounded wire and these factors were analysed and discussed. Figure 4 shows the modelling of the RC rectangular shapes in the simulation process and the similar procedure repeated with oval and circular. This model assumes that the RC sensor will detect a highfrequency signal which produced by a current signal that travels along the XLPE cable; the signal contents the magnetic field and the strength of the magnetic field depending on the current-carrying by the XLPE cable. Copper was assigned to the wire (wounded the RC) and also to the XLPE cable. Three shapes of the RC were model in this simulation work, and the observation of the magnetic flux on each shape was carried out and discussed in the next section. The geometry of each cross-section such as the inner radius remained constant (44 mm radius) for validation of magnetic flux density, and the other parameters were changed. The RC was model in 3D which consists of 240 mm 2 XLPE cable with N number of turns for the coil. This 3D FEM model is developed by computing the magnetic field through the Ampere's law which is uses multi-turn coil and meshing technique with triangle elements. Ampere's Law forms a frequency-domain for the magnetic and electric fields and the induced current that obtained in the FEM simulation, as shown in Equation 4 and 5.
Where ω is angular frequency, σ is electrical conductivity, Ɛo and µo are the permittivity and permeability of free space respectively, A is the magnetic vector potential, Ɛr is relative permittivity, µr is relative permeability, and Je is the electric current density. The magnetic field strength, B is divergencefree in a constant magnetic field, and the magnetic vector potential A can be introduced to facilitate magnetic field calculation B. Figure 5 shows the simulation flows of this work. There were 300 samples of RC designed and simulated using FEM. Each sensor has simulated in the range of 10 to 100 number of turns. Under this modelling, the magnetic flux density, B that presence surrounding XLPE cable and RC can also do analytically computed. From the simulation result, the graphs were plotted using the Minitab statics software. The significant of this simulation analysis is to prove that an electrical current that flows through a conductor creates magnetic field surround it. In this simulation, the magnetic flux density, B observed. Based on theoretical, winding the wire into a coil will increases the number of the magnetic flux lines, then increasing the field and therefore the inductance. Thus, the investigation was carried out to study the effect of magnetic flux density and coil inductance when the number of turns (winding) changed, and the geometrical shapes effect with the variable of the height, width, outer diameter and surface area by using FEM analysis. A suitable sensor indicated by the more magnetic flux density generates surrounding it, and the result has discussed in the next section.
RESULTS AND DISCUSSION
Previously, there were many researchers mentioned that the rectangular cross-section is better than circular and oval. The advantages of this analysis are that it makes it easier to determine the best shapes of the RC before fabricate. The result analysis focused on the geometrical effect, respectively. The finding of the study has discussed in this section. Many experts and scholars have analysed the performance and influence of the Rogowski coil, and researchers have demonstrated its feasibility for current measurement [27] .
The Rectangular Cross-section Analysis
The sensitivity of the RC has a relation with the number of turns which improved significantly but will reduce the bandwidth of the RC. The performance in term of magnetic flux density analysis, as shown in Figure 6 . The RT1 and RT2 have the highest magnetic flux between the RC, and the RT10 has the lowest magnetic flux density. In other words, the magnetic flux is not only dependent on the number of turns N, but other factors are influencing the magnetic flux density; it can say that a thin rectangular RC shape provides a high magnetic flux density and a broader cross-section provides a lower magnetic flux density. Some authors have found that Ampere's law makes a thin RC ideal to use as a transducer for alternating current measurement [28] and a similar finding have observed in this finding. By increasing the height and width of the RT10, the area increased to 990 mm 2 and the density of the magnetic flux drop rapidly. As the number of turns increased to 100 turns, the magnetic flux density of RT10 continued to decrease compared to others.
Figure 6
The Scatterplot of the Rectangular Cross-section RC Meanwhile, the effects of the coil inductance are also studied when the surface area changed. The Meanwhile, the effects of the coil inductance are also studied when the surface area changed. The result analysis of coil inductance effects is, as shown in Figure 7 .
From the obtained result, the area could also attribute to the coil inductance which the RT10 was producing the highest coil inductance (0.29 x 10 -5 Henry and 29.2 x 10 -5 Henry at 10 and 100 turns) compare to RT1 (0.04 x 10 -5 Henry and 3.8 x 10 -5 Henry at 10 and 100 turns). It is found that the increase in the surface area resulted in a significant increase in the inductance of the coil, as the wound wire becomes longer and at the same time raises the manufacturing costs. Theoretically, a coiled wire has a higher inductance than the same length straight wire because the lines of the magnetic field pass through multiple lines of the circuit that has multiple connections of flux. Thus, the result shows that the magnetic flux density increases with the number of turns, but the larger area of the RC does not produce high magnetic flux density. 
The Circular Cross-section Analysis
The geometric circular section has a different character with the rectangular section (the magnetic flux density was not depending on the area generally). Besides, all designed circular RC's magnetic flux density was lower than rectangular with the same geometric size. From the previous reason, the mutual inductance of the circular cross-section was not higher than rectangular [19] . The result analysis of a circular cross-section of magnetic flux density was plot as in Figure 8 . As discussed earlier, better magnetic flux density generates by the higher value of N; magnetic flux density increased significantly. By expanding the N, all of the magnetic flux density of the circular RC increased. From the result obtained it shows that the CR3 produce the highest magnetic flux density among the others, which was recorded 6.07 x 10 -3 T at 100 turns. In this case, the sensor analysis of the circular cross-section is challenging to determine because neither the magnetic flux density presence nor the geometric size and surface area reflected. The analysis of the geometric effect over the inductance coil, as shown in Figure 9 and the results obtained show that the coil inductance significantly increases when the surface area increases. By referring to CR3 case, the measured surface area was 94.4 mm 2 and produced a magnetic flux density of 6.07 x 10 -3 T at 100 turns (the greatest among others) with 3.75 x 10 -5 H as coil inductance. In another case, at 100 turns the CR1 (the lowest coil inductance) was only 0.30 x 10 -5 H with the surface area 19.6 mm 2 while CR10 is the most significant surface area (706.5 mm 2 ) and 20.9 x 10 -5 H coil inductance generated. It can see that better magnetic flux density not guaranteed in the circular cross-section by increasing or decreasing the surface area of the circular cross-section. When the surface area increased, the coil inductance automatically and expensively increases; the copper wire becomes more prolonged, and the cost of production significantly increases. As a conclusion, the magnetic flux density of the circular is seemed hard to determine by the surface area solely and therefore; an electromagnetic analysis is necessary when designing the circular RC cross-section. 
The Oval Cross-Section Analysis
The analysis was continued with the oval cross-section to compare the geometric effect of the RC extensively. Figure 10 shows the scatter plots of the oval cross-section with different number of turns and geometrical size. As can be seen, when increasing the number of turns results in significantly increased magnetic flux density for all sensors. The result showed that at 100 turns, the OV1A recorded the highest magnetic flux density (9.00 x 10 -3 T) while the OV1A was the lowest (4.07 x 10 -3 T), make it 75.44% difference. The analysis effect of the surface area found that the oval cross-section with thin and higher height; OV1A (44.6 mm 2 ) generated higher magnetic flux density than OV10A (796.6 mm 2 ) which was the most significant surface area. Meanwhile, when the surface area increased, it affected the coil inductance as well, and the simulation analysis is as shown in Figure 11 . It can be seen that at 100 turns the OV1A coil inductance was 23.60 x 10 -5 H while the OV10A was ascending to 100 x 10 -5 H (the highest). This result indicates that by increasing the surface area, it did not contribute to improving the magnetic flux density, but only increases the coil inductance value increasing the wounded wire and production costs. Finally, a thin oval cross-section with a high number of turns and height produces a higher magnetic flux density than the large surface area. 
Summary of Geometrical Comparison
In summary, one of each group was selected and compared with the best cross-section (highest magnetic flux density); RT1, CR3, and OV1A. These cross-sections, however, have a different outer radius, width and consequently change the surface area and parameters as shown in Table 4 . As can be seen in Table 4 , the surface area of CR3 increased up to 88.8 % while OV1A was 39% over RT1, but the outer radius of RT1 and OV1A were equal. By using Minitab statistic tool, the analysis of variant (ANOVA) of the sensor design performance has applied, and the result, as shown in Figure 12 . The cross-section 1 represented RT1, 2 represents CR3 and OV1A represented by 3. As shown in Figure 12 and Figure 13 , the magnetic flux density of OV1A was higher than RT1, which was 7.35% better and 46.6% over CR3. However, by analysing the coil inductance in Figure 14 , it was found that the coil inductance of RT1 was 3.80 x10 -5 H lower than OV1A (100 x 10 -5 H) at 100 turns. To achieve the high magnetic flux density, the surface area OV1A must be larger than RT1. Therefore, it needs to wrap with longer coil wire than RT1 and increasing the production cost. Consequently, in terms of price, RT1 is more reliable than OV1A. To sum up, the number of turns was proportional to the magnetic flux density and the inductance of the coil. The comparison between calculated mutual inductance and magnetic flux density, B of RC crosssection simulation as shown in Table 5 which the comparison indicates that the magnetic flux density is in proportion with the mutual inductance; thus, this analysis is valid for the sensitivity analysis for Rogowski coil instead of conventional method by using mutual inductance calculation.
CONCLUSION
In this study, three different geometric cross-sections of the RC were presented and studied using the FEM analysis. By comparing the calculation method (mutual inductance), the 3D FEM analysis is more comfortable and more useful in determining the accuracy of the coil's magnetic flux density and inductance. The geometric effect and number of turns can be analyzed more easily using FEM. The simulation result shows that the rectangular crosssection is better than other simulated geometries in terms of magnetic flux density and cost. Some researcher suggested that the bandwidth depends on the number of turns where the bandwidth becomes lower if the number of turns increased and vice versa. Thus, the low bandwidth is not recommended for overvoltage measurement application. Therefore, the bandwidth performance must be considered as another factor for the design of the overvoltage sensor. 
